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 
Abstract— Cross-bonded metal sheath connection is applied in 
sectioned single-core power cables to reduce or eliminate the 
voltages which are induced in the sheath over long distances. 
However, cross-bonded cables present an opportunity as well as a 
challenge for on-line measurement and diagnosis of cable 
conditions. In this paper, a methodology to identify cable faults 
through analysis of the sheath system currents in a cross-bonded 
cable system is presented. Firstly, a numerical model is 
established to simulate the sheath currents in cross-bonded cable 
systems. Secondly, analyses of several faults, which happen 
frequently with serious consequences, are presented on the basis 
of current measurement at the link cable. Simulations of normal 
and fault conditions are given to determine the feasibility of fault 
diagnosis. A case study using field data from a cable tunnel in 
China considering the normal condition is presented to verify the 
numerical model. Results in normal condition show good 
consistency with field data with error less than 5%. Simulation 
results of fault conditions show that analysis of readings from 6 
current sensors can distinguish different fault types and fault 
positions using the method proposed. Based on the analyses, 
criteria are established for sheath loop fault type diagnosis. 
 
Index Terms—Cross-bonded, on-line monitoring, metal sheath 
currents, fault diagnosis 
I.  INTRODUCTION 
igh voltage (HV) cables are applied in urban transmission 
and distribution networks to meet the requirements of 
long distance and large capacity energy transmission [1]. As 
the length of the cable increases, there will be an increase in 
induced voltage in the metal sheath [2]. An excessive induced 
voltage may lead to breakdown in the outer sheath, and even 
failure of the insulation [3]. In addition, there will be 
circulating current in the metal sheath loop, which will limit 
the current rating of the power cables [4]. Consequently, cross-
bonding of metal sheath connection at cable joints has been 
proposed to solve these problems [2].  
However, during the service life, HV cables are also 
vulnerable to failures due to causes which could be classified 
into six groups, namely adverse environmental conditions, 
third party damage, poor workmanship, manufacturing 
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problems, operational or maintenance reasons, and age related 
degradation [5]. 
According to statistics covering the last 20 years, the 
weakest points in cable systems were interfaces or junctions 
[4]. Under cross-bonding of the metal sheaths, the weakest 
interfaces at the major sections were joints, link boxes and 
terminals [3]. Cable metal sheath systems contain not only 
cable metal sheaths, but also the accessories for metal sheath 
connections, including joints, link boxes and terminals. It 
should be addressed that “sheath” hereafter specially refers to 
metal sheath in the paper. Among all the cable failure causes in 
cross-bonded cable systems, a good number of them are sheath 
system faults, such as flooded cable joints, corrosion or third 
party damage to the cable jackets and breakdown of insulating 
flanges in joint, result in excessive sheath currents. Open 
circuit faults in sheaths, due to the theft of earthing strips, has 
happened in the past. 
The key to improving the identification, characterization 
and determination of the insulation condition is condition 
monitoring (CM) [6]. Many successes in identifying and 
localizing defects or faults through CM techniques have been 
reported: these include the monitoring of partial discharge 
(PD), insulation resistance (IR) and dielectric loss (DL) [7]. 
However, little work on on-line monitoring of cross-bonded 
cable systems based on sheath current has yet been reported. 
Some researchers have investigated numerical models to 
calculate the sheath currents in cross-bonded cable systems in 
normal conditions, e.g. [15]. The model established in [8] 
presented the sheath currents generated by induced voltage. 
Marzinotto and Mazzanti in [9] presented the feasibility of 
cable sheath fault detection by metal sheath-to-ground currents 
at the ends of cross-bonded sections. Sheath currents contain 
the currents produced by both load currents and inductive 
currents itself with the leakage currents through insulation. 
When the lengths of cables in the three minor sections are the 
same, and the installation method is three-phase center-
symmetric, due to the balance among the three phases, 
circulating currents can be ignored. However, in practical 
situations, the lengths of minor sections will be different, and 
the installation layout could be flat, resulting in unbalanced 
currents. As a result, sheath currents would be several 
Amperes and even tens of Amperes, which would limit the 
current rating of the cables.  
This paper proposes the use of sheath system currents as 
indicators to detect cable sheath faults. It firstly presents a 
cross-bonded three phase cable model to determine metal 
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sheath currents in normal operating conditions. Through 
theoretical analysis and simulation in MATLAB, the cable 
model is studied under normal conditions. On the basis of the 
work proposed in this paper, on-line measurements were 
carried out in a major section of a cross-bonded system in a 
cable tunnel in China. The field data was collected from the 
current sensors installed at link cables and the model results 
are verified by the field data. Then, three selected fault 
conditions are analyzed on the basis of expected values and the 
criteria for metal sheath fault diagnosis are given.  
II.  THE ESTABLISHMENT OF MODEL 
A typical cross-bonded major cable section is illustrated in 
Fig. 1. There are 3 minor sections in each of the three phases. 
At both ends of the major section, the terminals or joints are 
connected to other cable sections, overhead lines or substation 
equipment. The metal sheaths at both ends of a major section 
are connected to the grounding boxes, G1 and G2, with direct 
grounding. Within a major section, the cable joints, JA1, JB1, 
JC1, JA2, JB2 and JC2, are constructed to connect different 
minor sections. The co-axial link cables connect the metal 
sheaths to the link boxes and the cross-bonded connections are 
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Fig. 2.  A typical link box with co-axial cables connection [16] 
 
Fig. 2 shows a typical link box with co-axial cable 
connections. In many parts of China, co-axial cables are used 
to bring the metal sheath conductors to the link boxes for ease 
of installation. Considering link box J1 from Fig.1, as 
indicated in Fig. 2, the sheath of A1 is connected to that of B2; 
B1 is connected to C2; C1 is connected to A2. Similarly, in 
link box J2 the connections would be: A2 connects to B3; B2 
connects to C3; C2 connects to A3. However, the conductor 
clips in link box are open-circuited from the ground in normal 
condition due to the overvoltage limiter (OVL), when the 
voltages across the OVLs did not exceed 50 V. So the cross 
bonding among three phase sections would be A1-B2-C3 (loop 
1), B1-C2-A3 (loop 2) and C1-A2-B3 (loop 3). Sheath current 
in each metal sheath loop composes of leakage current through 
the insulation and circulating current due to the unbalanced 




























Fig. 3.  The simplified cross bonded sheath connections with circulating 
currents and leakage currents [18] 
 
Where, Imn (n=1, 2, 3) is the circulating current in each 
sheath loop. Xn (X is A, B or C) is the minor section cable in 
different phase. ILXn and IRXn are the leakage current 
components in the left and right directions. 
Fig.3 presents the simplified cross bonded sheath 
connections derived from Fig. 1 and Fig.2 for the 
understanding of leakage currents and circulating currents.  
A.  Leakage current 
Leakage current is the current flowing through cable main 
insulation. And leakage current of each minor section can be 
calculated using Equation (1). 
 l





Z Z Z Z
 (1) 
Where, Zi represents the insulation impedance of the cable 
section under consideration; Ze is the equivalent impedance to 
the ground; ZS is the equivalent impedance of the semi-
conductive screen; U stands for the working voltage the cable 
is subjected to under normal operating conditions. It should be 
addressed that the symbols in bold indicate for vectors that 
contain phase and amplitude in this paper. 
 
TABLE 1 
COMPARISON OF THE IMPEDANCE OF DIFFERENT LAYERS 
Layers Impedance (Ω·m) 
Semi-conductive screen 0.01~ 10 
XLPE insulation > 500 × 106 
Metal sheath 0.05 × 10-3 
 
 3 
From Table 1 [14], insulation impedance is much bigger 
than semi-conductive screen and metal sheath, this model 
ignores the semi-conductor layer as it has little influence on 
the results. 
In this paper, operation voltage is taken to be a constant 
vector; while the insulation condition is taken to be unchanged 
during measurements. Consequently, the value of leakage 
current is unchanged when operation voltage and insulation 
condition is decided. 
Leakage currents contain capacitive and resistive 
components. As insulation resistance in HV cables could reach 
hundreds of Giga-Ohms per kilometer, the resistive component 
would be less than 1 mA, while the capacitive component 
could be several Amps/km. So, leakage current can be 
approximated as capacitive current using Equation (2). 
 l C j C  I I U  (2) 














  (3) 
Where, in this instance, ε is relative permittivity; DC is the 











Fig. 4.  The equivalent circuit of single phase cable (Xn) in a minor section 
 
The simplified minor section is shown in Fig. 4. UX (X 
stands for the symbol of a phase, i.e., A, B or C) is the voltage 
in core conductor. IlXn (n=1, 2, 3) is the leakage current 
through the insulation in each minor section; CXn is the 
insulation capacitance in each minor section; ZmLXn is the 
equivalent metal sheath impedance on the left side. While, 
ZmRXn is the equivalent metal sheath impedance on the right 
side, when considering distribution of leakage current through 
insulation. 
Sheath impedance of each minor section, ZmXn, is the sum of 
ZmLXn and ZmRXn. 
 mXn mLXn mRXn Z Z Z  (4) 
The leakage current components in Fig. 4, such as ILA1 and 
IRA1, are based on the distribution of the impedance in the 






mRA mB mC g
LA lA


























B.  Circulating current 
As a HV cable system is always grounded at both ends of 
each major section for safety, it offers loops for circulating 
currents. When the vector sum of induced voltages, such as 
uSA1, uSB2 and uSC3 in metal sheath loop 1, are not zero due to 
the unbalanced section lengths and unbalanced installation 









Fig. 5.  The equivalent circuit of circulating current loop 1 
 
In Fig. 3, the equations for the initial circulating currents 
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Where, uSXn (X stands for A, B or C; n=1, 2, 3) are the 
induced voltages in the sheath of each minor section; ZmXn 
represents the equivalent sheath impedances; Re and Rg are the 
earth resistances at the ends of the major cable section. 
Circulating current flowing in the sheath mainly depends on 
the induced voltage in the metal sheath and the impedance of 
the metal sheath loop. Meanwhile, induced voltages are 
subject to the configuration of the major cable sections, load 
currents installation type and also circulating currents. As 
leakage current is much smaller than load current, its influence 
is ignored in the calculation of induced voltage. 
The inductance coefficient of the conductor-to-metal sheath 
of each phase, LS, is derived from Equation (10) [13]. 
 









S Si SeD D D   (11) 
Where, DS is the average diameter of metal sheath. DSi is 
internal diameter of the metal sheath. DSe is external diameter 
of the metal sheath. 
The phase-to-phase inductance coefficient of the sheath, M, 
is derived from Equation (12) [15]. 
 
712 ln( ) 10M
S
    (12) 
Where, S is the distance between phases. 
Due to the thickness of the metal sheath is relatively small, 
the self-impedance of metal sheath is negligible. 
 4 
Consequently, the induced voltages of metal sheath in 
minor sections are derived from Equations (13) - (21). 
 1 2 3 1( ( ) ( ) )SA A S B m AB C m ACj L M M l          u I I I I I  (13) 
1 1 3 1( ( ) ( ) )SB B S A m AB C m BCj L M M l          u I I I I I  (14) 
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2 3 1 2( ( ) ( ) )SC C S A m AC B m BCj L M M l          u I I I I I  (18) 
 3 3 1 3( ( ) ( ) )SA A S B m AB C m ACj L M M l          u I I I I I  (19) 
 3 2 1 3( ( ) ( ) )SB A S A m AB C m BCj L M M l          u I I I I I  (20) 
3 1 2 3( ( ) ( ) )SC A S A m AC B m BCj L M M l          u I I I I I  (21) 
Where, MAB is the phase-to-phase inductance between 
phase A and B; MAC is the phase-to-phase inductance between 
phase A and C; MBC is the phase-to-phase inductance between 
phase B and C; l1, l2 and l3 are the lengths of the three sections. 
The initial value of circulating current in each metal sheath 
loop is zero.  
The unit resistance of the metal sheath, Rm, can be 
expressed by Equation (22) [17].  
 2 2
(1 ( 20))













In this example, kr is the metal sheath resistivity; kt is metal 
sheath temperature coefficient; T is ambient temperature. 
The unit impedance of the three metal sheath loops, from 
loop 1 to loop 3, are expressed by Equations (23). 
 m m mR jX Z  (23) 
 732ln(2 2 / ) 10m SS DX
   (24) 
Where, Xm is the unit average inductance of sheath in 
minor section [17]. 
From the above, the iterative procedure for solving the 

















Fig. 6.  The iteration steps for calculating circulating current [16][19] 
 
C.  Detected current 
The resultant metal sheath current in each of the three metal 
sheath paths is the sum of the leakage currents as determined 
from Equations (1) - (6) and the circulating currents from 
iterative procedures. 
Owing to the application of co-axial cables to connect joints 
and link boxes, a current sensor installed on a co-axial cable 
leading to a cable link box will detect the vector sum of two 
different metal sheath currents. Based on the installation of 
current sensors shown in Fig. 1 and Fig. 2, the detected 
currents by current sensors are shown in Fig.7 and given by 












Fig. 7.  The detected current by the current sensor I2a (modified from fig. 2) 
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Where, Inx (n= 2 or 3. x represents a, b or c) is detected 
currents from current sensors installed at co-axial cables. Imn (n 
= 1, 2 or 3) is circulating current. ILXn and IRXn are leakage 
current components in left and right directions in Xn minor 
section. 
Overall, as sheaths are grounded at both end of a major 
section, there will be leakage currents in metal sheath loops. 
Moreover, flat type installation and unbalanced length among 
three sections will lead to circulating currents in metal sheath 
loops. Furthermore, current sensors installed at co-axial link 
cables will detect the vector sum of two different metal sheath 
currents. The detected currents will be applied to localize the 
sheath faults in Section III. 
III.  VERIFICATION OF MODEL IN NORMAL CONDITION 
The on-line monitoring methodology outlined above was 
applied to a major section under 110 kV shown in Fig. 8. The 
parameters of the major section are listed in Table 2. The 
installation of the current sensors is based on Fig. 1 and Fig. 2. 
The 6 current sensors in this major section are respectively 




Fig. 8.  The cable tunnel and the installation of current sensors 
Current sensors 
Co-axial link cables 





DATA OF THE EXAMPLE CABLE CIRCUIT 
Parameters Value 
Diameter of all the three cable conductors (m) 38.9×10-3 
Thickness of cable insulation (m) 16×10-3 
Relative permittivity of insulation 2.3 
External diameter of the metal sheath (m) 99.6×10-3 
Internal diameter of the metal sheath (m) 97.3×10-3 
Metal sheath temperature coefficient (10-6/°C) 4.03×10-3 
Metal sheath resistivity (Ω·m) 2.84×10-8 
Distance between phase A and B (m) 0.27 
Distance between phase B and C (m) 0.27 
Distance between phase A and C (m) 0.54 
Ambient temperature (°C) 35 
Phase-to-phase operation voltage (kV) 110 
Grounding resistance at sub-station side (Ω) 0.2 
Length of section 1 (m) 425 
Length of section 2 (m) 477 
Length of section 3 (m) 536 
The load currents of the three phases on 2016-01-04 are 
shown in Fig. 9, where the data presented is the RMS values of 
load currents collected every 6 minutes, altogether 240 
samples. The sampling time of 2 seconds means that each 
value contains 100 cycles. 
The measured load currents, as shown in Fig. 8, are applied 
to the model to calculate the currents which would be expected 
in the current sensors. The results of the calculations and the 






















Fig. 10.  Detected currents from the current sensors on 2016-01-04 
TABLE 3 
COMPARISON BETWEEN CALCULATED AND DETECTED CURRENTS AT 2016-
01-04T11:48 (MAX ERROR TIME POINT) 
 I2a I2b I2c I3a I3b I3c 
Calculated 
current (A) 
20.61 15.42 20.02 18.05 17.42 13.03 
Detected 
current (A) 
19.58 15.3 19.57 17.53 16.61 13.02 
Error (%) 4.997 0.778 2.248 2.881 4.650 0.076 
 
There are subtle differences between the information in Fig. 
10 and Fig. 11. To make the difference between expected and 
detected currents clear, the results at a given sampling time, 
namely 2016-01-04T11:48 (11.48 am on the 4
th
 of January 
2016), are shown in Table 3. The error between simulated 
currents and field data is less than 5%. And the validation has 
also been done from 2015-05 to 2016-01. The results showed 
good consistency with error less than 5%. 
In Table 3, the six currents, I2a, I2b, I2c, I3a, I3b and I3c are 
the current detected by current sensors installed as shown in 
Fig.1. Although, ideally, the metal sheath current should be 
exactly offset by cross-bonded connection, the detected 
currents have non-zero values. There are several reasons for 
this under normal operating conditions, namely:  
1) The flat cable installation method leads to imbalanced 
voltages in the metal sheaths, as indicated in Equation 
(7) - (9).  
2) When the metal sheaths are grounded at both ends of 
the major section, the leakage current components in 
metal sheath current could reach several Amps/km in 
HV cables.  
3) Most importantly, as the lengths of the three minor 
sections of the major cross-bonded section are 
imbalanced, different induced voltages result. 
It should be noted that the errors between calculated and 
measured currents are less than 5% during the measuring 
period. This could meet the requirement of on-line monitoring 
of metal sheath current in HV cross-bonded major section. 
IV.  DETECTION AND ANALYSIS OF ABNORMAL CONDITIONS 
This section considers 12 fault conditions, those which are 
the most likely to occur in a cross-bonded cable system, as 
presented in Table 4. These faults belong to 3 types, i.e. open 
circuit of the metal sheath loops, flooded cable link box and 
insulation breakdown between metal sheath conductors.  
The case studies analyzed in the calculations are undertaken 
in a major section of 110 kV with equal lengths of 500 m in 
each minor section, which is a typical case in cross bonded 
connections. 
TABLE 4 
SIMULATED FAULT CONDITIONS 
 Fault point 
1 Open-circuit fault in metal sheath loop1 (A1-C2-B3) 
2 Open-circuit fault in metal sheath loop2 (B1-A2-C3) 
3 Open-circuit fault in metal sheath loop3 (C1-B2-A3) 
4 Short-circuit fault due to flooding in link box J1  
5 Short-circuit fault due to flooding in link box J2 
6 Short-circuit fault due to flooding in link boxes J1 and J2 
7 Insulation breakdown in joint JA1 
8 Insulation breakdown in joint JB1 
9 Insulation breakdown in joint JC1 
10 Insulation breakdown in joint JA2 
11 Insulation breakdown in joint JB2 
12 Insulation breakdown in joint JC2 
 
A.  Open-circuit fault in one metal sheath loop 
Disconnection of a metal sheath loop is a common fault in 
cross-bonded cable systems [10]. This may be the result of 
loose connections due to corrosion, poor installation practice 
 6 
or third party damage. To address this, the work focuses on 
metal sheath fault diagnosis of disconnections in terminals and 
joints and the impact of this fault type are examined. A 
























Fig. 12.  Equivalent circuit of open-circuit in the metal sheath in terminal 
 
Fig. 12 assumes that loop 1 is disconnected as an open 
circuit point in terminal TA1. As a result, there will be no 
circulating current in metal sheath loop 1, and leakage currents 
of A1, B2 and C3 section will flow into the ground at the right. 
The current sensors I2a, I2b, I3b and I3c would be affected as 
they detect the metal sheath current of loop 1, while I2c and I3a 
will only detect the metal sheath currents of loop 2 and loop 3. 
As the structure of loop 1 is changed, leakage currents in 
this metal sheath loop will redistribute. After analyzing the 
effects of the disconnections in loops at different terminals or 







































































































































































































































































































































































































































































































































Fig. 13.  The results of open-circuit faults in terminals and joints 
 
It can be seen that for a fault in loop 1, although the values 
of I2c and I3a are unchanged by the fault conditions, the 
magnitude of variation in the other four sensors could provide 
indication of the fault location. Similarly, for a fault in loop 2, 
values from I2a and I3b are unchanged, and for a fault in loop 3, 
values of I2b and I3c are unchanged. Consequently, the faults 
could be divided into 3 groups. The criteria for open-circuit 
fault localization are expressed in Table 5. 
 
 TABLE 5 




















(I2a, I2b, I2c, I3a, I3b, I3c) 
= (1,0,1,1,1,0) 
 
In Table 5, “1” means obvious variation (difference 
between detected current and that in normal condition is much 
more than 5 % which is the maximum difference under normal 
conditions with no fault) in detected current and “0” means no 
obvious variation in detected current; If is the detected current 
in fault condition; In is the detected current in normal condition. 
In case of an open-circuit fault in a sheath loop, some 
detected currents are not much different from that in normal 
condition due to there is no fault in that detected sheath loops. 
Meanwhile, the fault current is relatively low in comparison 
with load current leading to little effect on the sheath 
associated with the phases without fault. So this characteristic 
could be used for the detection of open-circuit fault in sheath 
loops. 
B.  Flooded cable link box 
In sub-tropical areas, HV cables installed in cable tunnels 
may be immersed in water for several months in each calendar 
year. When a cable link box is damaged, the conductors in the 
box would be immersed in water. Under certain circumstances 
the resistance of the water is low and the protective earthing 
inside the link box will be bypassed, resulting in an alteration 
 7 
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Fig. 14.  Short-circuit fault due to a flooding in link box J1 
 
Taking flooding of link box J1 as a fault example, Fig. 14 
presents a short-circuit fault due to a flood in link box J1. The 
metal sheath of sections A1, A2, B1, B2, C1 and C2 will be 
grounded at link box J1 and the resulting circulating currents 
will change. There are 6 loops, which are A1, B1, C1, A2-B3, 
B2-C3 and C2-A3 loops, as shown in Fig 15. In each loop, the 
circulating current is based on the induced voltage in the metal 
sheath, while leakage current in each section will redistributed. 
In each new loop, the induced voltage will not be offset. As a 
result, there will be relatively high circulating current in each 
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Fig. 16.  Results of the flooding faults in link boxes in different conditions 
 
In the first graph of Fig. 16, it is the simulated output of 
each current sensor resulting from a flood fault in link box J1. 
The detected current in I2a, will reach almost 40 A, while the 
detected currents in I2b, and I2c, are about 30 A. This kind of 
fault, which may affect the ampacity and even lead to more 
serious failure, should be diagnosed immediately. As shown in 
Fig. 16, flooding in different link boxes will lead to an obvious 
increase in detected currents in comparison with those in the 
normal conditions. As a result, the detected currents can be 
used to identify the metal sheath loop circuit faults.  
A flood in a grounding box still results the same as 
grounding directly, the same function as grounding box. So 
this fault condition is not discussed in the paper. Table 6 
indicates the criteria for fault identification. 
 
TABLE 6 
THE CRITERIA FOR DETECTION OF FLOOD FAULTS BASED ON THE DETECTED 
CURRENTS 
Short-circuit due to  
flood in link box 
Fault type 
determination 
Judgment based on  
detected currents 
Flood in link box J1 Min(If)/In>5 
(I2a, I2b, I2c) = (1,0,0)  
(I3a, I3b, I3c) = (0,1,0) 
Flood in link box J2 Min(If)/In>5 
(I2a, I2b, I2c) = (0,1,0)  
(I3a, I3b, I3c) = (0,0,1) 
Flood in link boxes 
J1 and J2 
Min(If)/In>5 
(I2a, I2b, I2c) = (1,0,0) 
(I3a, I3b, I3c) = (1,0,0) 
 
In regard to Table 6, “1”: highest among three detected 
currents. “0”: relative lower among three detected currents 
(Max (If)-If
*
) ≥ 10 A). 
In simulation, the value of fault impedance, Rf, used in 
simulation is assumed as ranging from 0 to 1 Ω, as the water 
impedance is negligible. Although the current magnitudes 
varied, the results are not affected by fault impedance values, 
i.e. the criteria are still appropriate. As the variations of the 
detected currents are large in comparison with that in normal 
condition, these criteria are very effective for identifying the 
fault types and fault locations.  
C.  Breakdown of insulation between cable metal sheaths 
When insulating flange between metal sheaths at both sides 
of a cable joint fails, there will be a short circuit between the 



































Breakdown between sheath of A1 and A2
ILC2 IRC2
 
Fig. 17(b).  Equivalent circuit of short-circuit fault due to the breakdown 
point between A1 and A2 metal sheath in joint JA1 
 
Fig. 17 indicates a short contact between the metal sheaths 
of A1 and A2 in joint JA1. There will be a short connection 
between metal sheath loop 1 and 2. As the induced voltages in 
the metal sheaths will not be offset, there will be unbalanced 
currents in metal sheath loops. Sheath loop 2 will be influence 



























































































































































































































































Fig. 18.  Results of a short-circuit fault due to a breakdown between the 
sheath in joints 
 
The results of multiple simulations of a range of fault 
positions are presented in Fig.18. Taking the short-circuit fault 
in JA1 as an example, fault currents are much higher than in 
normal conditions, as the two different sheath loops are short-
connected. The induced voltage in each minor section could 
not be offset. Meanwhile, there is phase differences between 
the sheath currents in each minor section, so the fault currents 
in sheaths will superimposed. The results for different fault 
position present visible difference, which allows the 
localization of fault type and fault position. The criteria for 
identifying faults are given in Table 7. 
 
TABLE 7 
THE CRITERIA FOR DETECTION OF SHORT-CIRCUIT FAULTS DUE TO 
BREAKDOWN IN JOINTS BASED ON THE DETECTED CURRENTS 
Short-circuit due to 
breakdown in joints 
Fault type 
determination 
Judgment based on 
detected currents 
Breakdown in JA1 Max(If)/In >10 
(I2a, I2b, I2c, I3a, I3b, I3c) 
=(1, 2, 3, 2, 3, 2)  
Breakdown in JB1 Max(If)/In >10 
(I2a, I2b, I2c, I3a, I3b, I3c) 
=(2, 3, 2, 1, 2, 2)  
Breakdown in JC1 Max(If)/In >10 
(I2a, I2b, I2c, I3a, I3b, I3c) 
=(2, 2, 3, 2, 1, 1) 
Breakdown in JA2 Max(If)/In >10 
(I2a, I2b, I2c, I3a, I3b, I3c) 
=(2, 2, 3, 3, 2, 2)  
Breakdown in JB2 Max(If)/In >10 
(I2a, I2b, I2c, I3a, I3b, I3c) 
=(3, 2, 2, 2, 3, 2)  
Breakdown in JC2 Max(If)/In >10 
(I2a, I2b, I2c, I3a, I3b, I3c) 
=(2, 3, 2, 2, 2,3) 
In regard to Table 7, “3”: If
*
/In > 10. “2”: Relative higher 
among three detected currents (10 ≥If
*
/In > 5). “1”: Relative 
change in comparison with that in normal condition (If
*
/In ≤ 5). 
When the insulating flange suffers a breakdown, a short 
circuit happens between different sheath loops. So short 
connection happens between different sheath loops leading to 
increase of sheath currents. Usually, two of the detected 
currents are much higher than the other four detected currents. 
And the highest detected current would not exceed 20 times in 
comparison with that in normal condition. 
V.  CONCLUSION AND DISCUSSION 
This paper presented a numerical model for cross-bonded 
HV cables, a methodology for simulation of metal sheath 
currents and the use of the model for determining the metal 
sheath currents under normal condition and three selected sets 
of fault conditions in a 1.5 km HV cross-bonded major section 
of equal length. 
In the simulation, three kinds of metal sheath faults have 
been studied, namely open-circuit faults in metal sheath loop, 
short-circuit faults due to flood in link boxes and short-circuit 
faults due to breakdown between metal sheaths in joints. The 
faults investigated in this paper can be identified separately 
and localized to a particular metal sheath loop using the 
criteria proposed. As the criteria are based on comparison of 
the relative current magnitudes, the proposed method is robust 
as it is not affected by the impedance values in the metal 
sheath path. 
The validity of the model is verified by use of field data 
collected from a set of cables in a cable tunnel, which is the 
cross-bonded connection. Comparison of simulated currents 
with measured values shows good consistency, i.e. error is less 
than 5% during a day of monitoring. 
1) In normal conditions, due to the unbalanced length, 
load current and space layout of the cross-bonded 
major section, induced voltages may not be offset 
completely. Therefore, several and even tens of 
amperes circulating current is possible. So long length 
cross-bonded cable installation should be symmetrical 
to avoid circulating current. 
2) In case of an open-circuit fault in a sheath loop, some 
detected currents not much different from that in 
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normal conditions due to there is no fault in some 
sheath loops. Meanwhile, the fault current is relatively 
low in comparison with load current leading to little 
effect on the sheath associated with the phases without 
fault. So this characteristic could be used for the 
detection of open-circuit fault in sheath loop. 
3) In case of a short-circuit fault due to flooding in link 
box, due to the multi-grounding of sheath loop, 
induced voltage in each metal sheath lead to high 
circulating current between each grounding point. All 
detected currents will increase to more than 5 times in 
comparison with normal condition. 
4) When the insulating flange at a cable joint suffers a 
breakdown, a short circuit happens between different 
sheath loops. Short connection then happens between 
different sheath loops leading to increasing of sheath 
currents. Usually, two of the detected currents are 
much higher than the other four detected currents. And 
the highest detected current would not exceed 20 times 
in comparison with that in normal condition. 
In summary, the proposed cable diagnosis based on on-line 
monitoring of metal sheath currents in cross-bonded major 
section could be applied to help the metal sheath fault 
detection and localization in HV cable systems with cross-
bonded connection. Laboratory experiments will be carried out 
to verify the model in fault conditions in future works. 
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